nodes in a metacognitive network and suggest specific contributions from each of these 48 regions to confidence generation. 49 50
Introduction 63
Metacognition, or the ability to assess the quality of our decisions, is crucial for effective 64 decision making (Metcalfe and Shimamura, 1994; Koriat, 2007) . However, despite the 65 critical influence of metacognition on our actions and decisions (Nelson and Narens, 1990; 66 Shimamura, 2000a; Koriat, 2007; Fleming et al., 2012a; Yeung and Summerfield, 2012) , its 67 neural bases are still not fully elucidated (Shimamura, 2000a; Fleming et al., 2012b) . Early 68 studies pointed to a central role of the prefrontal cortex (PFC) based on findings of impaired 69 metacognition in patients with damage to the frontal lobe (Shimamura and Squire, 1986 ; 70 Janowsky et al., 1989; Shimamura, 2000a) . More recent research has implicated two specific 71 PFC sub-regions -the dorsolateral prefrontal cortex (DLPFC) and the anterior prefrontal 72 cortex (aPFC) (Fleming & Dolan, 2012) . used offline approaches that inhibit activity for an extended period of time. These studies 106
showed little or no modulation of overall confidence level presumably because subjects had 107 time to re-calibrate their confidence judgments. To address this issue, we applied online 108 TMS in short blocks to avoid behavioral compensation. 109 110 Based on our hypothesis about the functions of DLPFC and aPFC, we predicted that TMS to 111 DLPFC would affect subjects' overall confidence level, while TMS to aPFC would affect 112 metacognitive ability. The results confirmed these predictions: TMS to DLPFC decreased 113 confidence, whereas TMS to aPFC increased metacognitive ability but only for the second 114 half of blocks. Further, we confirmed that these results can be reproduced by a model in 115 which TMS to DLPFC affected the readout of the sensory information, while aPFC TMS 116 affected the noise within the metacognitive computation itself. Our findings demonstrate 117 that DLPFC and aPFC have distinct functions in visual metacognition and suggest a specific 118 mechanistic role for each. 119 120
Methods

121
Subjects 122
A total of 21 subjects completed the study (13 females and 8 males, average age = 22 years, 123 age range = 18-32 years). Three subjects were excluded from analyses. For one subject, the 124 sensors registering the subject's brain to their MRI shifted mid-session, which likely resulted 125 in imprecise TMS target localization. The other two subjects were excluded due to poor 126 performance or excessive number of interruptions due to discomfort. All subjects were right 127 handed and had normal or corrected-to-normal vision. 128
129
Session sequence 130
We collected data for our experiment over two sessions, which were held on separate days. 131
By dividing data collection into two days, we were able to collect more data while keeping 132 the session short enough to avoid fatigue. 133
134
Day 1 started with a short training on the behavioral task, followed by a staircasing 135 procedure used to identify the contrast of the stimulus to be used for the main experiment. 136
After subjects completed the staircasing, we determined the amplitude of TMS stimulation 137 to use and started the main experiment. 138
139
The main experiment consisted of four runs of three blocks each. For each of the three 140 blocks within each run, we stimulated one of three regions -dorsolateral prefrontal cortex 141 (DLPFC), anterior prefrontal cortex (aPFC), or the somatosensory cortex (S1; which served as 142 the control site) -in a pseudo-random order such that all the three sites were stimulated 143 once within each run. The first run was a practice run and was shorter than the others. It 144 was included to accustom subjects to receiving TMS to the different brain regions and 145 minimize chances of the TMS pulse evoking a startle response during the main trials. The 146 blocks from the practice run consisted of 16 trials each and were excluded from further 147 analyses. All other blocks consisted of 40 trials each. Therefore, subjects completed a total 148 of 408 trials during each session. Each trial began with subjects fixating on a small white dot (size = 0.05˚) at the center of the 168 screen for 500 ms followed by presentation of the stimulus for 100 ms. The stimulus was a 169
Gabor patch (diameter = 3˚) oriented either to the right (clockwise, 45˚) or to the left 170 (counterclockwise, 135˚) of vertical and was superimposed on a noisy background. As in previous work (Rahnev et al., 2016) , all regions were defined in the right hemisphere 211 because the right hemisphere is dominant for visual processing (Hellige, 1996) . 212
213
We defined the ROIs on the anatomical MRI scans of each subject. These scans were 214 obtained during previous studies conducted in the lab. In order to determine the subject-215 specific location for stimulation, we back-normalized the coordinates above to the subject's 216 native space. We created ROIs as 5-mm spheres and their centers were set as targets to 217 guide the placement of the TMS coil. In some cases, the ROIs produced via back-218 normalization appeared shifted with respect to the expected anatomical location. In such 219 cases, we switched to an alternate method of defining ROI locations. The neural navigator 220 software, TMSNavigator (Localite), contains a built-in program for defining a Talairach 221 coordinate system on a subject's MRI that is based on the location of the anterior 222 commissure, the posterior commissure, and the vertex. After these structures are manually 223 identified on an MRI scan, the software generates a Talairach grid, which can be adjusted so 224 that it encloses the whole brain. This grid allows transformation of coordinates between the 225 subject's native coordinate space and the MNI coordinate space. 226
227
TMS setup 228
TMS was delivered with a magnetic stimulator (MagPro R100, MagVenture, RRID: 229 SCR_009601), using a figure of eight coil with a diameter of 75 mm. 230
231
We determined the resting motor threshold (RMT), immediately prior to starting the main 232 experiment. In order to localize the motor cortex, we marked its putative location and 233 applied supra-threshold single pulses around that location. We determined the location of 234 the right motor cortex as the region that induced maximal twitches of the fingers in the left 235 hand. Then, using this location as the target, we determined the RMT using an adaptive 236 parameter estimation by sequential testing (PEST) procedure (Borckardt et al., 2006) . For 237 three subjects, we were unable to reliably estimate RMT, even at amplitudes as high as 80. 238
Therefore, for these subjects we chose to determine the active motor threshold (AMT) 239 instead, which is lower than RMT and could be found reliably. Motor thresholding was done 240 separately for both days (average for Day 1 = 59.94, average for Day 2 = 58.28), to control 241 for non-specific factors, which can influence the TMS response (Ridding and Ziemann, 2010) . 242
243
The TMS coil was positioned on the previously-defined ROIs using a neural navigation 244 system (TMS Navigator, Localite, RRID:SCR_016126 ). The coil was oriented tangential to the 245 skull and in such a way that the magnetic field induced was orthogonal to the skull. 246
Stimulation was delivered at 90% of the individual resting motor threshold (RMT). In some 247 cases when the stimulation intensity was uncomfortable to the subject, it was reduced to 248 ~85% (2 subjects) or ~80% (3 subjects) of RMT depending on the individual's comfort level. 249
No arm or leg movements were elicited by stimulation of any of the three sites. 250
Analyses 252
We analyzed the data for two separate measures: average confidence and metacognitive 253 ability. To compute the average confidence, we simply calculated the average of all 254 confidence ratings within each TMS condition. We quantified metacognitive ability using the 255 measure M ratio developed by Maniscalco & Lau (2012) . M ratio is derived from signal detection 256 theoretical modeling of the observer's decision and confidence responses. It is the ratio of 257 two measures -the observer's metacognitive sensitivity (meta-d' -ability to discriminate 258 between correct and incorrect responses) and the observer's stimulus sensitivity (d' -ability 259 to discriminate between the two stimulus classes). The ratio of meta-d' to d' factors out the 260 contribution of stimulus sensitivity towards metacognitive performance and captures the 261 efficiency of the observer's metacognitive processes . 262
263
We compared the effect of TMS on confidence and metacognitive ability between the three 264 TMS conditions (DLPFC, aPFC and S1) using one-way repeated measures ANOVAs. 265
Additionally, we analyzed the interaction between time (within a block) and TMS location by 266 splitting each block into first (trials 1-20) and second (trials 21-40) halves and performing a 267 2-way repeated measures ANOVA. Direct comparisons between regions were made using 268 paired t-tests. 269
270
Splitting blocks in halves and analyzing each half separately may decrease the stability of the 271 M ratio estimates. To confirm that our M ratio estimates were not unacceptably variable, we 272 tested whether splitting blocks in half had a significant influence on the variance of M ratio 273 scores. We verified that all groups of M ratio values (coming from first half, second half and 274 the whole block) were normally distributed and used the F-test of equality of variance to 275 test whether the two distributions came from populations with different variances. First, we 276 compared the population variance of M ratio scores between the first and the second halves 277 (after pooling M ratio scores obtained from all three TMS conditions). The F-test showed that 278 the between-subject variance of M ratio was not significantly different between the two 279 halves of the blocks (F = 0.72, P = 0.23). Next, we pooled the M ratio scores from both halves 280 and compared their variance against M ratio scores obtained from combining trials from both 281 the halves. The F-test revealed no significant difference between the variance of these two 282 populations too (F = 0.71, P = 0.16). In addition, we confirmed that the number of zero-cell 283 counts in the accuracy/confidence matrix (that is, the number of confidence-accuracy 284 combinations -such as incorrect trials with confidence of 4 -that never appeared) were 285 similar between the two halves for all three TMS conditions. Whenever a zero-cell count did 286 occur within any condition, the codes for computing meta-d' provided by Maniscalco and 287 Lau (2012) automatically applied a default correction for all the data cells in that condition 288 (Maniscalco & Lau, 2012) . This default correction method was thus the same across all the 289 conditions. 290
291
General model architecture 292
Our results showed that TMS to each prefrontal site affected one specific aspect of 293 confidence ratings -either their average value or their reliability in predicting accuracy. Our 294 neural mechanism implies that the change in average confidence was due to TMS affecting 295 the readout of the sensory signal and the change in metacognitive ability was caused by 296 TMS affecting the efficiency of the metacognitive evaluation. 297 298 To assess our proposed neural mechanism, we performed simulations of a process model of 299 confidence generation that incorporated our hypothesized TMS effects. It should be noted 300 that we could not use previous approaches such as the existing procedure for estimating 301 metacognitive sensitivity (meta-d'), which is built on a signal detection theoretical (SDT) 302 framework for modeling perceptual decisions (Maniscalco and Lau, 2012 ). The reason is that 303 although this procedure allows for the estimation of metacognitive performance, it does not 304 specify how the confidence data actually come about on a single trial (i.e., it is not a process 305 model of confidence). For the purpose of modeling the process of confidence generation, 306
we sought to build a process model that preserves the assumptions of SDT (Green and 307 Swets, 1966) at the level of the perceptual decisions but also allows us to explicitly model 308 the transformations to the sensory signal that are responsible for generating the confidence 309 hierarchical process consisting of two levels: an object level, which generates the 317 discrimination response, and a meta level, which generates the confidence response. At the 318 object level, the presented stimulus produces a sensory response corrupted by Gaussian 319 noise. We modeled the two Gaussian distributions arising from the two stimulus classes 320 (left/right tilted Gabor patches) such that the left-tilted stimuli produce a sensory response 321 and the right-tilted stimuli produce a sensory response 322
. Note that the distance between these distributions is μ and the stimulus 323 sensitivity can be expressed as:
. A copy of this sensory response, gets 324 transferred to the meta level as a readout of the sensory signal strength, , where it 325 is further corrupted by metacognitive Gaussian noise such that the metacognitive response 326 is given by the formula . 327
328
To simulate how subjects make perceptual and confidence responses on each trial, we 329 specified a decision criterion, , and confidence criteria, , 330
where n is number of ratings on the confidence scale (in our case, n = 4). The criteria were 331 monotonically increasing with and . 332
333
The object-level decisions were made based on a comparison of with For trials in 334 which , the response was given as "right;" otherwise, the response given was 335
Finally, our data showed the existence of small (and non-significant) decrease in M ratio for 342 the second half of blocks in the S1 and DLPFC TMS conditions. This effect parallels recent 343 findings that metacognitive ability may decrease in second half of blocks due to fatigue 344 
Results
399
We investigated the specific contributions of DLPFC and aPFC to visual metacognition by 400 employing an online TMS protocol to disrupt activity within these areas during confidence 401 computation. Subjects indicated the tilt (left/right) of a noisy Gabor patch while 402 simultaneously providing a confidence rating on a four-point scale (Figure 2A) . On each trial, 403
we delivered a train of three TMS pulses ( Figure 2B) to DLPFC, aPFC, or S1 (which served as 404 a control site). comparisons between the three sites). These results suggest that the prefrontal cortex is 410 unlikely to be involved in low-level stimulus processing (Rahnev, 2017) . 411
TMS effect on confidence 413
Based on our hypothesis regarding the functions of DLPFC and aPFC in confidence 414 generation, we predicted that DLPFC TMS, but not aPFC TMS, would affect subjects' overall 415 confidence level. The results were consistent with this prediction. Indeed, a one-way 416 repeated measures ANOVA with factor TMS site (S1, DLPFC, and aPFC) demonstrated a 417 significant effect of TMS location on confidence (F(2,17) = 3.68, P = 0.04; Figure 3) . Pairwise 418 comparisons showed a significant decrease in confidence for DLPFC TMS compared to S1 419 TMS (difference = 0.09, t(17) = 3.19, P = 0.005). No significant difference was found for 420 comparisons between S1 TMS and aPFC TMS (difference = 0.03, t(17) = 0.83, P = 0.4), 421
implying that overall confidence level was affected only after DLPFC stimulation. The 422 difference in confidence between DLPFC TMS and aPFC TMS was numerically larger than the 423 difference between S1 TMS and aPFC TMS but did not reach significance (difference = 0.06, 424 t(17) = 1.7, P = 0.12). stages lead to separate representations for object-and meta-level judgments (Figure 5A ). At 491 the object level, the stimulus is corrupted by sensory noise and the resulting signal is used 492 to make a perceptual decision. To make the confidence judgment, the signal strength from 493 the object level is read out at the meta level. The final confidence decision is based on the 494 sensory readout, as well as other factors such as the history of confidence responses 495 (Rahnev et al., 2015) , perceived attentional state, etc. We modeled all of these influences 496 collectively as the addition of metacognitive noise. 497
498
Within this architecture, our proposed effects of inhibiting DLPFC and aPFC can be 499 operationalized as DLPFC TMS affecting the strength of the sensory readout, and aPFC TMS 500 affecting the level of metacognitive noise ( Figure 5A; boxed equations) . Quantitatively, we 501 modeled the effect of TMS to DLPFC as a loss of the sensory readout at the meta level and 502 the effect of TMS on aPFC as a decrease in metacognitive noise (see Methods). 503
504
Simulations of our computational model faithfully reproduced the TMS effects for both 505 overall confidence level ( Figure 5B ) and metacognitive ability ( Figure 5C ). Therefore, within 506 this established architecture of hierarchical confidence generation, our TMS results can be 507 recreated by assuming a role for DLPFC in the reading out the sensory signal strength at the 508 meta level, and a role for aPFC in making the final confidence judgment based on a 509 combination of perceptual and non-perceptual factors. 510
Discussion 511
We sought to determine the distinct roles of subregions of the prefrontal cortex in visual 512 metacognition. Previous research identified the dorsolateral and anterior prefrontal cortex 513 (DLPFC and aPFC) as critical to metacognitive computations but a mechanistic 514 understanding of their functions in confidence judgments is still lacking (Shimamura, 2000a ; 515
Fleming and Dolan, 2012). We proposed a neural mechanism for confidence computation 516
where DLPFC reads out the sensory signal strength and relays it to aPFC, while aPFC makes 517 the confidence judgment by integrating this readout with non-perceptual factors. Based on 518 this architecture, we predicted that disrupting DLPFC would affect average confidence 519 (without affecting metacognitive ability), while disrupting aPFC would affect metacognitive 520 ability (without affecting confidence). A causal intervention with online TMS confirmed 521 these predictions. Further, we simulated a confidence generation model that incorporated 522 our hypothesized neural mechanism and successfully reproduced the observed behavioral 523 results. These findings establish the existence of independent causal contributions of DLPFC 524 and aPFC to confidence generation and suggest specific mechanistic roles for these 525 prefrontal sites. Further, they suggest that a significant portion of confidence computation 526 in PFC takes place 250-450 ms following stimulus onset. 527 528 Role of DLPFC in confidence computation 529
Our experiment tested the hypothesis that the role of DLPFC in confidence computation is 530 to read out the strength of the sensory signal and relay it to aPFC. We derived this 531 hypothesis from previous studies, which found that DLPFC activity is related to the level of 532 confidence but not to metacognitive ability (Fleck et increased attentional resources could be expected to also lead to increases in d' and 597 confidence but aPFC TMS had no effect on either of these measures. Another possibility is 598 that TMS might have inhibited the influence of certain factors that are detrimental to 599 metacognition. For example, people consider their confidence history while making a 600 confidence judgement, a phenomenon called confidence leak (Rahnev et al., 2015) . 601
Confidence ratings may also be contaminated by other factors such as arousal (Allen et al., 602 2016), action fluency (Fleming et al., 2015) , etc. The use of these extra factors generally 603 decreases metacognitive ability in laboratory settings (Rahnev et al., 2015) . Therefore, the 604 improvement of metacognitive ability with aPFC TMS in our study may stem from the 605 reduced use of some of these non-perceptual factors in confidence generation. 606 607
Computational model 608
We built a computational model that instantiates the hypothesized neural mechanism 609 regarding the roles of DLPFC and aPFC. It is important to note that while the TMS data 610 provide support for the proposed neural mechanism, our experiment was not designed to 611 corroborate the computational model directly. Instead, the role of the computational model 612 was to verify that the substantive claims made by our neural mechanism could indeed lead 613 to the pattern of behavioral results that we observed. We have explored the plausibility of 614 our computational model elsewhere (Bang et al., 2017) . 615
616
We modeled the effect of TMS on aPFC and DLPFC as a decrease in metacognitive noise and 617 a decrease of signal in the sensory readout ( , respectively. The modeling choice for 618 aPFC TMS is natural given that, within our model, metacognitive ability is controlled by the 619 metacognitive noise parameter. However, the effects of DLPFC TMS on decreased 620 confidence can also be explained as a shift in the confidence criteria. The reason we do not 621 favor this explanation is because it is unclear why TMS would shift the criteria in one 622 direction and not the other. Specifically, we are not aware of any mechanism that predicts 623 that TMS would increase the confidence criteria (in order to decrease confidence). Instead, 624 our explanation -that TMS causes a loss of signal, which leads to a confidence decrease -625 relates more naturally to the expected effect of TMS, which is to disrupt neural activity. 626
627
Conclusion 628
Our results show that TMS produced distinct effects on confidence measures depending on 629 which prefrontal site was stimulated: TMS to DLPFC decreased confidence, while TMS to 630 aPFC increased metacognitive ability for the second half of the experimental blocks. This 631 dissociation confirms our hypothesis that DLPFC and aPFC have distinct roles in visual 632 metacognition. Further, it supports our hypothesized neural mechanism, according to which 633 DLPFC reads out the sensory signal strength and relays it to aPFC for the confidence 634 computation. Simulations of a confidence generation model based on our neural 635 mechanism reproduced the observed TMS effects and thus corroborated this mechanism. 636 Together, our results uncover the functional organization of PFC for confidence 637 computations. 638 for S1 TMS or DLPFC TMS. Metacognitive ability was operationalized as M ratio (Maniscalco 860 and Lau, 2012) . ∆M ratio is the change in M ratio from the first half to the second half of a block. 861
The left error bars represent the within-subject standard errors for comparisons with S1 862 (the error bar for S1 is the same as the one for aPFC) and are indicative of statistical 863 significance. The right error bars represent the within-subject standard errors for 864 comparisons between the first half and second half of blocks and are not indicative of the 865 statistical significance for between-site comparisons. n.s. not significant, * P < 0.05. These results mirror the effects of TMS to DLPFC and aPFC in our data (see Figures 3 and 4) . 881
